Abstract: Water pumping systems powered by solar and wind energy are a clean, decentralised and economical alternative for the irrigation of crops. The intense droughts experienced over the last few years in Northern Colombia -due to the influential El Niño phenomenon -have reactivated the need for reliable water pumping irrigation systems in the region. This study aims to assess the techno-economic feasibility of solar and wind based pumping irrigation systems, taking as a case study the municipality of Piojó in the Atlántico department. In the first stage of the study the irrigation water requirements were determined by using the software CROPWAT to assess two different crop patterns that represent existing feasible alternatives for small farmers in the region: i) a common crop pattern, which represents the current average distribution of crops for subsistence farming and ii) a fruit cash crop pattern that comprises crops for which well established markets exist in the region. Solar, wind and diesel based pumping systems were sized based on the crop water demands for 1 ha. The unit irrigation costs of the three technologies, the two crop patterns and the three irrigation methods (surface, sprinkler and drip) were calculated and compared. The economic analysis was complemented by a cost-benefit analysis spanning 20 OPEN ACCESS 2 years. Our results show that both the renewable energy based pumping systems (wind and solar) can meet the irrigation water demands of small farmers in the region. The economic analysis shows that windmills are the most cost effective solution, with solar pumping systems in second place. Diesel pumping systems are the least cost effective, even when they do not require capital investment for water storage tanks. The cost benefit analysis demonstrates that none of the irrigation systems are financially feasible for providing water in a common crop pattern. In the case of the fruit cash crop scenario the highest dividends were obtained by the wind pumping system and the lowest dividends by the diesel pumping system. The lowest payback period was obtained by the windmills (7 years) and this payback period could even be shortened to 5 years if the surplus water was used to irrigate larger areas.
Introduction
Water pumping systems powered by solar and wind energy are a clean, decentralised and economical alternative for the irrigation of crops. Solar, and in particular wind, pumping irrigation systems have been used for many years by farmers in developing countries. Wind power was traditionally the most used energy source for pumping. Since the early 1980s, solar pumping systems have started to be considered as alternatives to wind pumping. In regions where water is scarce and there is no access to grid electricity, these renewable energy pumps are a feasible alternative to dieselpowered pumps. Currently, half of the 2.8 billion people who suffer from water scarcity live in off-grid areas [1] . This fact illustrates the strong relationship between water and energy and highlights the need for appropriate alternatives, which could be resolved by deploying solar and wind water pumping systems in combination with irrigation techniques. In agriculture the productivity of land use can be increased by taking measures that enhance the efficient use of water and energy. Irrigation is needed in order to increase food production; farming that uses irrigation produces yields that are around 2.7 times greater than those where only rainwater is used [2] . This automatically means that the amount of energy consumed for water pumping relates directly to the depth of the water table. The use of an appropriate irrigation system can help to solve this trade-off in productivity.
Among the advantages of solar and wind water pumping systems in comparison to diesel pumps are the fact that they do not depend on fossil fuels, require less maintenance (which means the minimal use of fuel, lubricants and spare parts and a corresponding minimal need for skilled labour for maintenance), as well as their contribution to the reduction in CO 2 emissions. Additionally, the International Off-Grid Renewable Energy Conference (IOREC) has underlined the unique opportunity for renewable energies to power pumping and irrigation systems in rural areas as a result of the increasing cost-competitiveness of off-grid renewable energy technologies on a life-cycle basis [3] .
There is a need to promote the use of decentralised solutions in rural areas in order to diversify the energy supply options for irrigation. Currently in Colombia irrigation management is centralised by the Irrigation Districts. The last of the Irrigation Districts was constructed in the late 1970s, a time when massive investment in irrigation was made by international financing institutions such as the World Bank [4] . However, currently only 14% of the potential irrigation area is irrigated by Irrigation Districts and the actual % may even be lower as the operations & maintenance have not always been properly handled by the government entities who generally own the systems [5] .
The areas of Colombia with good water resources are mostly concentrated in the Pacific and the Amazon regions. Although the National Precipitation Index is over 2500 mm/year, in parts of the Caribbean Coast and the Eastern Plains subhumid climates the rainfall only amounts to 600-1000 mm/year, meaning that irrigation is important for guaranteeing crop growth and development during the drought periods that can occur during the crop season [4, [6] [7] . The seasonal variations in precipitation make it necessary to design systems that can ensure water supply in dry periods.
The overall aim of this study is to conduct a comparative analysis between solar, wind and diesel pumping based on an economic feasibility and cash flow analysis approach. The focus of the study is to explore the feasibility of renewable energy based irrigation systems for small-scale farming systems, which are typical in the case study area. To that end a methodology is proposed that is able to capture the technical and economic performance of the three major systems implied, i.e. the pumping, the irrigation and the crop systems. This leads to the development and analysis of 18 scenarios which combine: three pumping technologies (solar, wind and diesel), three irrigation methods (surface, sprinkler and drip) and two crop scenarios (common crop and cash crop). All the scenarios, as well as the defining parameters, are based on data from locally available technologies, practices and prices.
Description of the case study
The municipality of Piojó was selected as the case study area. Piojó was selected because it is a representative case of a rural municipality in a semi-arid region of the country, without centralised irrigation schemes, and is a municipality which is not too far from a major urban centre (i.e. a market for agricultural produce). It is located in the north west of the Atlántico department, in Northern Colombia. It is part of the Caribbean plain and borders the Caribbean Sea in the north, the Guajira Peninsula in the north east and the middle Magdalena valley in the south. The municipality has an area of 258 km² and a population in 2011 of 5089. The population is predominantly rural and inhabitants live in small towns and villages, which is in contrast to the national and departmental trends of urban migration. The next important reference city is Barranquilla, the capital of the Colombian Caribbean Coast, 57.8 km away. Piojó has a semi-arid climate that is characteristic of the seasonally dry tropical forest. Despite the drought conditions characteristic of the tropical dry climate in this region, small farmers do not practice irrigation and can usually only plant crops during short periods in the rainy season between May and November.
In Piojó 74% of the working population derives its livelihood from agriculture, but the share of Piojó agriculture in the agricultural yields of the Atlántico department is very low (with the exception of a limited number of crops, such as millet, sorghum and corn). These three crops are particularly suited to the subhumid climate conditions in Piojó. The vast majority of the crops cultivated in the municipality are produced in the traditional manner, which uses little machinery, no irrigation and inadequate fertilisation, resulting in low productivity and high production costs per hectare [8] . Farmers are obligated to sell their poor quality products at prices lower than those paid to producers from other municipalities. 
Crop patterns assumed in the study
Two crop patterns were considered in order to capture the broad range of agricultural practices that are feasible in the study area:
a) The "common crop" pattern (CP1): this crop pattern represents the most conventionally applied agricultural practices of small farmers. It comprises the main crop species cultivated in the municipality according to statistical data from 2007-2012 [9] . b) The "cash crop" pattern (CP2): this represents a farming system oriented towards the production of products with higher commercial value. In the case of Piojó it comprises the cultivation of fruit trees. The crop species selected are based on the main fruit cash crops that are cultivated in the Atlántico and surrounding departments [10] . The list of the crop species selected and the share that they occupy in the crop pattern in a normalised land size of 1 ha can be found on Table 1 and Table 2 . Table 1 . The area and time distribution of the "common crop" pattern (CP1) 
Methods and assumptions

Crop water requirement
The first step in designing and operating an irrigation system is to estimate the crop water and irrigation requirements. For this step the computer programme CROPWAT 8.0 was used. This software was developed by FAO and simulates water balance models by combining crop evapotranspiration, rainfall, irrigation and drainage. CROPWAT calculates irrigation requirements based on climatic and crop data. Evapotranspiration (ETo) is estimated according to the FAO PenmanMontheith method by using monthly climatic data (temperature, relative humidity, wind speed, sunshine hours and rainfall). The soil moisture status is calculated from evapotranspiration, rainfall and irrigation inputs. CROPWAT calculates the crop water requirements on a 10-day period basis by subtracting the crop evapotranspiration under standard conditions and the effective rainfall. The required crop data for calculating evapotranspiration on a specific crop are: the crop planting dates, the length of growth stages, the crop coefficient (K c ) values at the different growth stages, the allowable soil moisture depletion levels, the crop rooting depth at the different growth stages and the yield response factors.
Net irrigation water requirements (IWR) are calculated as follows [11] :
where P is precipitation, ΔS the humidity change in soil in the previous month, ET 0 is the evapotranspiration coefficient and K c is the crop coefficient. The results are given in mm/year or its equivalent in m³/ha/year. The data and assumptions taken for the calculation of the crop water and irrigation requirements are:
Climate data: Average monthly climate data from the nearest weather station at Barranquilla, 46 km east of Piojó, was obtained from the Climat 2.0 database. According to the Koppen climate classification Piojó is classified into the following two sub-regions:
 Warm semi-dry and dry: characterised by low rainfall and a high tendency to aridity  Warm semi-arid: characterised by trade winds with a dry and a rainy season Precipitation data: Average monthly precipitation data from the last 20 years for the station of the municipality of Piojó in the township of Hibácharos was obtained from the Institute of Hydrology, Meteorology and Environmental Studies of Colombia [12] . The average annual rainfall in the department ranges from 650mm to 1400mm and has two different periods: one generally rainy season from May to November with the months of August, September and October being particularly wet, a long dry season from December to April and a short dry season in July.
Crop parameters: Crop parameters were obtained for the evapotranspiration conditions of the selected crops by using the methodology and data from the FAO Manual No 56 [11] , due to the fact that there is little information about the crop parameters of irrigated South American crops [4] .
Soil data: The soil data for the CROPWAT soil module was also derived from the FAO Manual No 56 [11] .
Irrigation scheduling: The timing options suggested in CROPWAT are useful for simulating different irrigation practices and are particularly useful for simulating the yield reduction in a nonirrigation scenario. Although CROPWAT allows for the selection of up to eight timing options only 3 timing options were considered in this study in order to obtain sufficient indications about the relevance of irrigation management practices in terms of yield reduction. The selected timing options for determining yield reductions were "at critical depletion", "at fixed interval per stage" and "without irrigation". 
Irrigation system configuration
An irrigation system includes the interaction of a set of components that are configured according to the specific needs of each crop pattern proposed in this study. The assumptions taken for each of these components is described below.
Well features: The static head has been assumed to be common to all scenarios. In the region the static head does not normally exceed 30 m and according to experts the average static head in the region is 10 m; this value has been assumed as a fixed variable for sizing the pumping system [13] . This means that the total head of the system has been assumed to be constant and is shown in Table 3 . Storage tank: In a pumping system a water storage tank is essential. The storage tank allows for the storage of water for use at times of high demand. The storage capacity recommended for irrigation systems fed by renewable pumping systems is between 0.5 and 2 days [16] . However, after some initial calculations it became clear that a storage capacity of more than 1 day would lead to impractical volumes of water storage. The decision was, therefore, made to size the storage tank volume assuming a storage capacity of 0.5 days in the month of highest water demand.
Pressure for the irrigation system: Water pressure is needed for the sprinkler and drip irrigation methods. Sprinkler irrigation requires water pressure of between 2 and 6 bar, whereas drip irrigation requires only 1 to 2 bar [14] . In order to distribute water to the sprinkler irrigation lines a multi-stagecentrifugal booster pump powered from solar panels is included in the costs of the sprinkler irrigation system. The pressure needed for drip irrigation is assumed to be obtained from the height of the water column in the storage tank. Water is gravity-distributed at a low pressure of 1-3.5 m head through drip irrigation lines.
Pumping systems sizing
The solar pumping system was sized by using the programme PVSYST5, a software package for the study, sizing and data analysis of complete PV systems, including PV pumping systems. PVSYST deduces the pump electrical and array nominal power for the given water needs. The pumping system for the irrigation has been assumed to be a deep well pumping system. According to the results of the PVSYST simulation the solar pump Lorentz PS1200 C-SJ5-8 fits the technical needs of all six scenarios that use solar pumping. The technical specifications of this pump type are shown in Table 4 . The windmill was sized based on the sizing approach used by the local windmill manufacturer "Jober". Jober has a simplified diagram that enables the selection of a windmill according to the volume-head product needs. The start point for sizing the system is to know the head and the daily water needs (volume-head product) in the design month. A design month mean wind speed is then assigned to this value. The design month is found by calculating the month with the highest reference area, which is the ratio between the hydraulic power requirements and the wind power resource. Finally the appropriate windmill reference can be chosen.
In order to size the wind pumping system wind speeds were taken from the monthly average wind measurements between 1980 and 2000 from the Wind Energy Atlas of Colombia. Regional variability of wind speed has been taken into account in order to estimate the number of hours that the windmill would produce reliable water pumping. The Wind Energy Atlas of Colombia also gives indications about this variability for different climatological stations. According to Pinilla [15] the range of the most useful wind speed is between 80% (3.5 m/s) and 250 % (11.15 m/s) of the annual average wind velocity. This assumption was used for estimating the number of hours in which the windmill could achieve reliable water pumping (Table 5) . In order to size the diesel pumping system the World Bank nomogram for the approximate sizing of engine-driven pumps was used [16] . According to this nomogram the diesel pump can be sized based on three factors: the number of hours of operation per day, the derating factor and the hydraulic power requirements. Depending on the number of hours of operation and the hydraulic power requirements selected the appropriate diesel pump size would be between 2 and 6 kW. The pump manufacturer Barnes offers diesel pumps in the range of between 5 and 11 HP (6.7 -14.74 kW). The least powerful pump available (5 HP rated power) was chosen for the diesel system sizing calculations. This corresponds to the Barnes pumps reference HD 1.5 50 [17] .
Supply of pumped water
The water supplied by each technology differs from the irrigation demand and therefore needs to be determined for calculating the water pumping cost of each m 3 . This calculation takes as its basis the pumping flow rate of each pumping system as follows: Solar Pumping: PVSYST generates values of water pumped depending on the PV system size selected for each scenario. These results were used to denote the volume of water supplied by the PV pumping system.
Wind Pumping: The water supply was calculated based on the pumping flow rate of each windmill assumed in each scenario and the data on the daily hours of reliable wind.
Diesel Pumping: The water supply is assumed to be the same as the water demand.
Economic analysis
Once the appropriate solar, wind and diesel pumping systems are sized for each scenario, the next step is the economic analysis, which evaluates the profitability of the investment based on the user"s perspective. This analysis enables a comparison to be made between the unit water costs of the solar, wind and diesel pumping systems. The results are expressed as unit water cost (€/m³) by dividing the total average annual cost (annuity) by the total annual volume of water supplied.
The investment costs are converted into an average annual capital cost called the annuity using the following formula [18] :
where a is annuity, PV is the present value, d is the discount rate and n is the number of years. This is the amount of money to be paid every year assuming that the investment was financed through a loan and covers the repayment of the initial investment and the interest on the debts throughout the lifetime of the project [16] .
Future costs that occur at different times (e.g. additional income from crops, replacements and O&M costs) are converted into present values. Two different methods are used for calculating the costs in present values. A first method is used for calculating the value of a single future payment (replacement costs) and a second method is used for calculating the total net value of a recurring annual payment (annual fuel cost or maintenance cost).
A single future payment can be calculated as follows:
Where, f v is a single payment in the future (future value) and DF is the discount factor for a single future payment.
The discount factor DF is calculated by considering the discount rate , the lifetime n and the relative interest rate . In the case where the price of a commodity rises faster than the general inflation rate a relative interest rate has to be applied in the calculation of the DF. The formula for calculating the present value with the discount factor is shown below:
The discount rate can be deduced from the market interest rate. The market interest rate is defined by Riggs et al. [19] :
where i n is the nominal interest rate and r is the inflation rate. Once the market interest rate is known the discount rate can be calculated using the following formula: (6)ssssssssssssssssssssssss (6) A summary of the main parameters assumed for the economic analysis are shown in Table 6 . 
Cost-Benefit analysis
The methodology selected for evaluating the impact of the project is the Benefit-to-Cost ratio (B/C). This tool allows us to ascertain whether and to what degree the benefits of a particular project exceed the costs. The B/C ratio is the ratio of discounted benefits to discounted costs at a given point in time (base year). The determining factor in B/C analysis is whether the B/C ratio is equal to (or greater than) one [20] .
Therefore, in order to pursue the analysis, the cash flow of each of the 18 scenarios was simulated. For that purpose local data about crop productivity and crop prices was obtained. Data about crop productivity was taken mainly from the National Agricultural Survey, which contains data about crop productivity for each of the municipalities in Colombia [10] . Data for the municipality of Piojó is available and was selected for each of the considered crops. Similarly, productivity data for irrigated crops was researched in other municipalities of the Atlántico department and in cases where this was not available it was taken from other departments in Colombia.
The crop wholesale prices were obtained from average statistical data for fruit and vegetables between June 2013 and June 2014 [21] . The prices are the yearly average prices for the market at Barranquilla. In order to calculate the revenues under rain-fed conditions, a 30% lower quality price was assumed -this is the average price difference between the average price and the lowest price found in the price list of fruit and vegetables.
Revenues were calculated year by year taking into account the expected yields and the inflation rate. In the case of the fruit cash crop pattern, revenues were only considered from the 4 th year onwards due to the fact that fruit crops need to mature for some years before producing their first fruits.
Results
Crop water requirements
The gross irrigation requirements for the 3 different irrigation types (surface, sprinkler and drip), assuming the timing option "at fixed interval per stage" for every 10 days, were calculated using CROPWAT and are displayed in Fig 1 ( for the common crop pattern) and in Fig 2 (for the cash crop  pattern) . The greatest water requirements are in the first three months of the year and the different irrigation types show quite similar results. The main difference is that the cash crop pattern creates a more regular demand for water throughout the year, while in the common crop pattern there are some periods where no irrigation water is needed. 40  50  60  70  80  90  100  110  120  130  140  150  160  170  180  190  200  210  220  230  240  250  260  270  280  290  300  310  320  330  340 
Wind and solar pumping sizing
The results of the simulations with PVSYST5 are shown in Table 7 . As well as the suggested pump and array of solar panels, the system efficiency rating and the % of unfulfilled water demand are also shown. The pumping systems as suggested by PVSYST are similar for scenarios comprising the same irrigation technology. This means that the selection of the crop pattern does not affect the sizing of the pumping system. In the common crop pattern most of the water is needed in the first semester of the year due to the low precipitation rates in contrast with the second semester in which the common crops usually do not need irrigation water for growing. This demand is not the same for the cash crop pattern. In this case the irrigation water needs are also significant during the second part of the year, and in December especially there is an important difference between the two crop patterns. This is because it is assumed that by December the farmers have normally harvested the common crops from the second semester and will not start the next crop planting period until January. However, since fruit cash crops are perennial crops they create water demand throughout the whole year, especially in December as it is a month with typically low precipitation rates.
In the case of the windmill sizing the month with the highest reference area was September in scenarios applying the common crop pattern and November for those applying the cash crop pattern. Although the highest volume-head products needed are between January and March, these months are also characterised by high wind velocities, resulting in the reference area during this month being lower than the reference area in September and November, which is characterised by low wind velocities (3 m/s in September and 3.5 m/s in November). Scenarios using surface irrigation require the highest amount of pumped water and it is only possible to meet this demand for water per hectare by using the largest windmill suggested by Jober (Ref 40120). For scenarios comprising sprinkler and drip irrigation technology, the demand for water can be met by the medium windmill reference 3590 (Table 8) . Table 8 . Volume head product required in the windmill design month and its corresponding windmill reference suggested by manufacturer "Jober"
Supply of pumped water
The results of the monthly water supply for each technology are illustrated in terms of unfulfilled water demand in respect to the water demand for the PV and wind pumping systems in Fig 3 and Fig 4. These results show that particularly with the PV pumping system the volume of missing water is high during the first months of the year. This is because PVSYST suggests a system size that can better respond to the average water demand of each month. In the case of the wind pumping system the volume of missed water is lower than in case of the solar pumping system and it is more obvious in the months of lower wind speeds (September and November). 
Yield reductions
The CROPWAT yield reduction results based on a normal rain year are shown in Table 9 for the common crop and fruit cash crop patterns. The dry season (December -April) shows a significant reduction in yield when no irrigation is provided. In some cases the yield reduction is 100% (i.e. for corn and beans in first semester), which means that theoretically it would not be possible to cultivate those crops in the period studied in a rain-fed scenario.
Table 9. Yield reduction simulation by different timing options
These yield reductions are the basis for calculating the monetary value of each irrigation scenario. The revenues are the same for wind and diesel pumping in all irrigation methods (surface, sprinkler and drip irrigation). This is because the yield reduction of wind and diesel pumping under water supply 
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conditions shows minimal differences to the yield reduction under water demand conditions. Solar pumping revenues differ by different irrigation methods: higher revenues are obtained by the sprinkler and drip irrigation systems than by the surface irrigation system. This suggests that a solar pumping system that is undersized for the month of highest water demand can produce higher crop revenues if a water efficient irrigation method such as sprinkler or drip irrigation is implemented.
Economic analysis
Results of the economic analysis for the three pumping systems are illustrated in Fig 5. The total technology costs were divided by the total yearly system supplied water. Windmills are found to be more cost effective than solar and diesel pumps in all combinations of crop patterns and irrigation systems. Solar pumps are more cost effective than diesel pumps when used for the fruit cash crop pattern. Diesel pumps are only more cost effective than solar pumps when the common crop pattern and surface irrigation method are applied. However, the pumping costs of diesel and solar based systems are very similar when the common crop pattern is combined with any other irrigation method (sprinkler or drip irrigation). These confirm the results of other studies, which suggest that solar pumping systems do not have economies of scale since in a surface irrigation scenario a higher amount of pumped water is needed [22] . The results of the present analysis confirm that solar pumping can have lower unit irrigation costs than diesel pumping when the irrigation requirements are better distributed throughout the year, which is the case in the scenarios for the cash crop pattern. It is important to point out that in scenarios applying diesel pumping the cost of water storage is not taken into account, since it was assumed that water was pumped and distributed when needed. Had the diesel pumping storage tank cost been considered, the diesel unit water cost would have been uncompetitive in comparison with solar pumping in all irrigation scenarios (as shown in Table 10 ). 
Cost-benefit analysis
Cash flows were calculated for all 18 scenarios. The results are shown in Table 11 for scenarios using the common crop pattern and in Table 12 for those using the fruit cash crop pattern. Additionally, the revenues obtained for scenarios under rain-fed conditions were also calculated in present values after 20 years.
Common crop pattern: All scenarios comprising the common crop pattern are non-profitable over the whole period of analysis (20 years) when applying solar or diesel pumping. Only the windmill would result in some dividends; however, the initial payback period would be 14 years. In that case the highest dividends are obtained by applying surface irrigation, followed by drip and sprinkler irrigation. In general these results confirm the economic unfeasibility of irrigation of any type if it is only applied for subsistence farming.
Fruit cash crop pattern: All scenarios using the fruit cash crop pattern generate positive dividends after 20 years. The highest dividends were obtained from the wind pumping system and the lowest dividends were obtained from the diesel pumping system. The lowest payback period was obtained by the windmill after 7 years and this could even be reduced to 5 years if the surplus water was used to irrigate larger areas. Solar pumping is more profitable for all three irrigation types than diesel pumping.
Reference scenarios (rain-fed):
The present values revenue obtained in rain-fed scenarios after 20 years were €2224 for the common crop pattern and €17380 for the fruit cash crop pattern. This means that in case of the common crop pattern, the dividends are actually higher without irrigation. This confirms again that investing in irrigation for subsistence farming is not profitable.
The dividends obtained from the fruit cash crop pattern without irrigation were in the range of between €5200 and €11200 lower than the dividends obtained with irrigation. This translates into additional incomes of around €50 per month after the sixth or seventh year, if the investment is made in solar or diesel based pumping. In cases where the farmer decides to power the irrigation by wind turbine, the dividend could be twice as much as the solar pumping dividends if the farmer decides to irrigate larger areas (for example 2 or 3 hectares). 
Discussion
This study draws conclusions about the technical and economic feasibility of renewable energy pumping systems. These statements followed assumptions that were carefully chosen according to the conditions in the case study area and region. These statements are valid as a first approach for further research on this topic. This section will, therefore, discuss all the variables that should be taken into account for future analysis.
Crop pattern and crop irrigation requirements
The selection of the crop pattern for the simulation of the irrigation requirements in CROPWAT is based on statistical data and observations done in the field. The common crop pattern comprises two harvest seasons per year. Each harvest season has a total crop length of 4 months starting in January and July respectively. Two months in each semester are not planted, which means that the irrigation requirements in those months were zero. This was different in the fruit cash crop pattern, which has a permanent irrigation requirement during the whole year. Therefore it is relevant at the beginning of the project to propose a crop pattern that is well distributed throughout the year in order to improve the productivity of the farm.
Wind pumping system for more than 1 hectare
The windmill water supply in all cases exceeds the crop water demand of the 1 ha cultivated area for several months of the year. It is important to remember that this characteristic emerges from the fact that the wind pumping systems are sized based on the months of highest reference area, i.e. September for the common crop scenario and November for the fruit cash crop scenario. During those months the water supplied by the selected wind pumping systems does not even meet the demand for one hectare. As the cost-benefit analysis of all scenarios comprising wind pumping demonstrated the technology to be economically feasible, even without any use being considered for the surplus water, there seem to be two options for further optimisation (and further research) of irrigation schemes based on wind: a) considering the use of surplus water for additional areas and b) considering the use of the next smallest size of commercially available windmills.
Solar pumping system
The monthly volume supplied water from the solar pumping system sized with PVSYST does not result in high water surpluses as in the case of the windmills. This is because PVSYST suggests a system size that achieves a trade-off between system efficiency and a lack of water in the months of higher water demand. Between January and March the missing water is in the range of between 20% and 30% of the water demand. This means that the unit irrigation cost calculated for 1 ha (Fig 5) nearly corresponds to the cost of the water pumped if all the supply water was to be used for irrigation purposes. During the months of low water demand (i.e. the second part of the year) the solar pumping system does not take advantage of its whole potential. This potential surplus water is not considered by PVSYST because the software assumes the pump will shut off when the water demand is met.
Diesel pumping system
In relation to the unit irrigation costs from the diesel pumping system it is necessary to emphasise the significant weight of operational (fuel) costs in the calculations. The diesel fuel costs are assumed to increase proportionally with annual inflation rates. It was not possible to anticipate diesel fuel price escalation in Colombia over the next 20 years; although global diesel price projections do exist, these were not considered in this study.
Irrigation method
No notable differences are found in the cash flow results for surface, sprinkler and drip irrigation systems, excepting for in the case of surface irrigation using solar pumping. In this case higher pumping costs are caused by a larger PV system size. If a windmill is used the irrigation method would have a greater impact in the decision because the farmer could use the water saved by a more efficient irrigation system (e.g. sprinkler or drip) for irrigating an extra area.
Storage tank
The storage tank capacity was assumed to be 0.5 days in the month of highest water demand. Although this volume is the lowest recommended by many authors, this capacity was found to be appropriate for the system demand during the year. Between April and December the storage tank can meet at least one day of the water demand (or even greater volumes during some months). Only between January and March the minimal 0.5 days storage security would be valid. Based on this premise and considering the high construction costs of a concrete storage tank for larger volumes, the 0.5 days storage assumption was demonstrated to be appropriate.
Revenues with irrigation and under rain-fed conditions
Revenues with irrigation were very similar in both scenarios since the change of yield reduction under supply conditions was minimal when compared with the yield reductions under irrigation conditions every 10 days. The only important variation in revenues was found in the solar pumping system since here the lower water supply had a greater impact on the yield reduction of the first semester crops than the wind and diesel pumping systems. Revenues without irrigation confirmed the fact that irrigation is only feasible in a cash crop scenario.
Conclusions
This study analysed the technical and economic feasibility of solar and wind pumping systems for irrigation on small farms in the Caribbean region of Colombia. Technically both renewable based pumping systems can be sized and installed to meet the irrigation water requirements of the two proposed cropping patterns. The results of the study indicate that windmills are feasible technical and economic alternatives for the irrigation of small farms in the region of study. The use of solar driven irrigation systems also offers some interesting potential. Moreover, the results clearly indicate that the provision of water for irrigation alone is not enough to improve the economic performance of small farms. Reorienting the crop pattern of the farm towards commercial products is also needed. The results also show that the combination of both strategies (irrigation and reorientation of cropping) achieves the highest benefits.
